Several tumor suppressive miRNAs are downregulated in cancers, and this downregulation enhances the expression of target oncogenes. Thus, molecular targeted therapy may be useful in the treatment of cancers in which tumor suppressive miRNAs are downregulated. However, the molecular mechanisms that underlie the downregulation of tumor suppressive miRNAs in cancers are still unclear. The p53 tumor suppressor can act as a sequence-specific transcription factor that regulates target gene transcription and expression to modulate various cellular processes.[@b1],[@b2] Recent studies identified miRNAs induced by p53 that are important in cellular physiology, including cell growth, differentiation and death.[@b3] For example, miRNAs, including miR-34, miR-143, miR-145, miR-192 and miR-215, mediate p53-induced cell growth inhibition.

The first identified p53-target miRNAs, the miR-34 family, target genes that are involved in cell cycle progression and apoptosis inhibition, such as CDK4, cyclin E2 and BCL2.[@b4]--[@b6] miR-192 and miR-215 also promote cell cycle arrest in response to p53 activation by targeting a number of regulators of DNA synthesis and cell cycle checkpoints (CDC7, LMNB2, MAD2L1 and CUL5) and DHFR.[@b7],[@b8] p53 can repress c-Myc oncoprotein through the induction of miR-145 and miR-34.[@b9],[@b10] In addition, miR-143/145 and miR-192/194/215 decrease MDM2 expression, which increases acetylated p53 levels and p53 activity and, in turn, induces apoptosis in a p53-dependent manner.[@b11],[@b12] Thus, miRNAs are important components in p53-mediated gene repression. miR-200c, a p53-regulated miRNA, regulates epithelial to mesenchymal transition (EMT) by inhibiting ZEB1/2, which are transcriptional repressors of E-cadherin, a known epithelial cell marker.[@b13],[@b14]

In the present study, we found that the p53 family downregulates the *CRKL* oncogene through miR-200b/200c/429 transactivation. miR-200b/200c/429 expression consistently downregulates CRKL via predicted binding sequences within the 3′-UTR of the *CRKL* gene. The *CRKL* gene encodes an adaptor protein containing Src homology 2 and 3 (SH2/SH3) domains.[@b15] CRKL expression is increased in certain human solid tumors, including lung cancer, gastric cancer, breast cancer and bladder cancer as well as hematologic malignancies.[@b16]--[@b19] Moreover, *CRKL* amplification was previously reported in non-small cell lung and gastric cancers, and CRKL protein overexpression contributes to oncogenic phenotypes in cancer cells.[@b18],[@b20] However, the mechanism underlying CRKL upregulation in solid tumors is largely unknown. Our data reveals that the p53 target miRNAs miR-200b/200c/429 are negative regulators of the actionable *CRKL* oncogene. Taken together, our results point toward a novel p53/miR-200/CRKL pathway in carcinogenesis and suggest that targeted therapy could be effective in this pathway, which includes an oncogene and tumor suppressive miRNAs.

Materials and Methods
=====================

Recombinant adenoviruses and plasmids
-------------------------------------

The construction, purification and infection of replication-deficient recombinant adenoviruses encoding human p53 family proteins fused to an amino-terminal FLAG epitope (Ad-p53, Ad-p73α, Ad-p73β, Ad-p63γ and Ad-p63α) or the bacterial *lacZ* gene (Ad-lacZ) were performed as previously described.[@b21]--[@b23] Relative adenovirus infection efficiencies in each cell line were determined by subjecting cells that were infected with control Ad-lacZ to X-gal staining; 90--100% of the cells were infected at an MOI of 12.5--100. To construct CRKL-expressing plasmids lacking its 3′-UTR, the entire coding region of a human CRKL cDNA was inserted in-frame into the pF5K-CMV-neo or pFN28K with an N-terminal Halo epitope tag (Promega, Madison, WI, USA), and the resulting constructs were designated pF5K-CRKL and pFN28K-CRKL, respectively.

Luciferase assay
----------------

The *CRKL* 3′-UTR fragment containing the miR-200b/200c/429 seed sequence (5′-GTGCTATAAAATTAACAGTATTA-3′) and its mutant form (5′-GTGCTATAAAATTAAACTGCGGA-3′) were synthesized and cloned into the 3′ end of the pMIR-REPORT luciferase vector (Ambion, Austin, TX, USA) at the *Hind*III and *Spe*I sites, and the resulting constructs were named pMIR-CRKL-3′-UTR and pMIR-CRKL-3′-UTR-mut. The inserted fragments were confirmed by sequencing. Cells in 24-well plates were transfected with a pMIR-REPORT luciferase reporter vector (100 ng) together with miR-mimics (100 nM) or control miRNA as a negative control using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). A *Renilla* luciferase vector phRG-TK (2 ng) was co-transfected to normalize differences in transfection efficiency. Luciferase activity was measured using the Dual-Luciferase Reporter Assay (Promega).

Other methods are detailed in [Data S1](#sd12){ref-type="supplementary-material"}.

Results
=======

The p53 family upregulates the expression of the miR-200 family
---------------------------------------------------------------

The miR-200 family consists of five members clustered in two genomic loci: chromosome 1p36.33 (miR-200b, miR-200a and miR-429) and chromosome 12p13.31 (miR-200c and miR-141). We searched for p53 motifs across the entire human genome using an *in silico* approach[@b24] and determined that p53 motifs are located around both clusters of the miR-200 family ([Fig. S1](#sd1){ref-type="supplementary-material"}). We then analyzed interactions between the p53 family proteins and these candidate p53-binding sequences using ChIP in Saos2 osteosarcoma cells that were infected with adenoviruses expressing FLAG-tagged p53 family genes (Ad-p53, Ad-p73α, Ad-p73β, Ad-p63γ and Ad-p63α) and a control adenovirus. ChIP analysis revealed that the p53 family directly binds to the predicted p53-binding sequences on both chromosomes 1 and 12 ([Fig. S2a](#sd2){ref-type="supplementary-material"}). We designated these candidate p53 response elements 200b/200a/429-RE and 200c/141-RE, respectively ([Fig. S1b](#sd1){ref-type="supplementary-material"}). A reporter assay demonstrated that the p53 family significantly increased the luciferase activity of vectors containing both binding sites. In contrast, mismatches in these p53-binding sequences (200b/200a/429-RE-mut and 200c/141-RE-mut) significantly abolished transactivation by the p53 family ([Fig. S2b](#sd2){ref-type="supplementary-material"}). We also confirmed the transactivation of the miR-200 family clusters by the p53 family in human cancer cells by real-time RT-PCR (Fig.[1](#fig01){ref-type="fig"}). Taken together, these results indicate that the exogenous p53 family is a positive transcriptional regulator of the miR-200 family in several different cell types, which is consistent with previous findings.[@b25]--[@b27]

![Upregulation of miR-200 family members by the p53 family in human cancer cell lines. Cells were infected with recombinant adenoviruses encoding human p53 family at an MOI of 25 (H1299), 12.5 (Saos2) or 50 (U2OS) and harvested 24 h after infection. The relative gene expression levels were quantified using the ΔΔ*C*~t~ method via real-time RT-PCR, and the results were normalized to the expression of the housekeeping gene RNU6B. The data are shown as the mean ± standard error of three independent experiments and were normalized to their respective controls as 1.](cas0106-1033-f1){#fig01}

CRKL is downregulated by miR-200b/200c/429
------------------------------------------

We searched for putative target genes for the miR-200 family using three algorithms; miRanda,[@b28] PicTar[@b29] and TargetScan.[@b30] The 3′-UTR of the *CRKL* gene contains a putative binding site for miR-200b/200c/429 (Fig.[2a](#fig02){ref-type="fig"}). We then examined whether CRKL was downregulated by the miR-200 family in cancer cells. We transfected miRNA mimic oligonucleotides into the H1299 lung cancer cell line. The introduction of miR-200b, miR-200c or miR-429 mimics downregulated CRKL protein levels (Fig.[2b](#fig02){ref-type="fig"}). Importantly, CRKL protein was not significantly decreased by miR-200a or miR-141 mimics, which have a one-base mismatch from the miR-200b/200c/429 seed sequence (Figs[2b](#fig02){ref-type="fig"} and [S1a](#sd1){ref-type="supplementary-material"}). Similar patterns were observed in the Saos2 and U2OS cell lines. In contrast, ZEB1, a known miR-200 family target, was downregulated by all members of the miR-200 family in both cells ([Fig. S3](#sd3){ref-type="supplementary-material"}). Consistent with the reduced protein level, real-time RT-PCR analysis demonstrated that the forced expression of miR-200b/200c/429 also remarkably reduced *CRKL* mRNA levels in H1299 cells (Fig.[2c](#fig02){ref-type="fig"}). A 3′-UTR luciferase reporter assay was also performed to demonstrate that the miRNA--mRNA interaction is direct. In this assay, the candidate miR-200b/200c/429 binding site in the *CRKL* 3′-UTR was cloned just downstream of the luciferase gene in the pMIR-REPORT vector (pMIR-CRKL-3′-UTR). The reporter plasmid and the miRNA mimics were co-transfected into H1299 cells, and luciferase reporter activity was monitored. Although the activity of the luciferase reporter with the *CRKL* 3′-UTR was downregulated upon co-transfection with miR-200b, miR-200c or miR-429 compared to transfection with control oligonucleotides, a reporter with a mutant miRNA binding site in the *CRKL* 3′-UTR abolished this regulation (CRKL-mut, Fig.[2d](#fig02){ref-type="fig"}). Taken together, these results indicate that miR-200b/200c/429 negatively regulates CRKL by directly targeting its 3′-UTR region.

![CRKL is downregulated by miR-200b/200c/429. (a) The putative miR-200b/200c/429 target site in the 3′-UTR of *CRKL* mRNA. Seed sequences are shown in bold type. (b) CRKL protein downregulation by miR-200b/200c/429 in H1299 cells. Cells were transfected with control or miRNA mimic oligonucleotides. CRKL and β-actin levels were analyzed by immunoblotting. (c) Downregulation of *CRKL* mRNA by miR-200b/200c/429 in H1299 cells. Cells were transfected with control or miRNA mimic oligonucleotides for 24 h. Relative gene expression levels were quantified using the ΔΔ*C*~t~ method, and the results were normalized to the expression of the housekeeping gene *GAPDH*. The data are shown as the mean ± standard errors of three independent experiments normalized to their respective controls as 1. (d) The *CRKL* 3′-UTR is responsive to miR-200b/200c/429 in H1299 cells. Cells were transfected with the pMIR-REPORT vector containing the *CRKL* 3′-UTR (pMIR-CRKL-3′-UTR) or a mutant (pMIR-CRKL-3′-UTR-mut) along with control plasmids expressing *Renilla* luciferase (phRG-TK). The cells were co-transfected with control or miRNA mimic oligonucleotides. After 24 h, luciferase activity was measured using the dual-luciferase reporter assay system. All of the experiments were performed in quadruplicate, and the mean and standard deviation are indicated by the bars .](cas0106-1033-f2){#fig02}

The p53 family downregulates CRKL protein and mRNA expression levels
--------------------------------------------------------------------

To determine whether CRKL is downregulated by the p53 family, we examined CRKL protein expression levels after overexpression of p53 family in H1299, Saos2, U2OS, Kiku and U87MG cells. CRKL was clearly downregulated by p53, TAp73β and TAp63γ in all cell lines tested (Fig.[3a](#fig03){ref-type="fig"}). *CRKL* mRNA was also decreased in the p53-transfected cells, TAp73-transfected cells and TAp63-transfected cells (Fig.[3b](#fig03){ref-type="fig"}). The reduction in CRKL protein levels was observed as early as 48 h after p53 or TAp63γ overexpression ([Fig. S4](#sd4){ref-type="supplementary-material"}). We then assessed the effect of the p53 family on the miR-200b/200c/429 regulatory element in the *CRKL* 3′-UTR. As demonstrated in Figure[4](#fig04){ref-type="fig"}, p53, TAp73 and TAp63 robustly decreased the activity of the *CRKL* 3′-UTR luciferase reporter. These observations indicate that p53 family members downregulate CRKL, at least partially through miR-200b/200c/429 transactivation, although we cannot rule out the possibility that p53 family downregulates CRKL through other mechanisms.

![Downregulation of CRKL by the p53 family. (a) Downregulation of CRKL protein by p53 family in human cancer cell lines. Cells were infected with replication-deficient recombinant adenoviruses encoding human p53 family proteins or the bacterial lacZ for 48 h. CRKL, p53, p73, p63, p21 and β-actin levels were analyzed by immunoblotting. (b) Downregulation of *CRKL* mRNA by the p53 family in human cancer cell lines. Cells were infected with adenoviruses, and relative gene expression levels were quantified as described above.](cas0106-1033-f3){#fig03}

![The *CRKL* 3′-UTR is regulated by the p53 family in H1299 and Saos2 cells. Cells were transiently transfected with the pMIR-REPORT vector containing *CRKL* 3′-UTR (pMIR-CRKL-3′-UTR) or a mutant (pMIR-CRKL-3′-UTR-mut) along with transfection control plasmids expressing *Renilla* luciferase. The cells were co-transfected with a control pcDNA3.1 vector or a vector that expressed the p53 family member 48 h prior to performing the luciferase assay. Luciferase activity was measured via the dual-luciferase reporter assay system. All of the experiments were performed in quadruplicate, and the mean and standard deviation are indicated by the bars.](cas0106-1033-f4){#fig04}

We next examined whether the activation of endogenous p53 can inhibit CRKL expression. Indeed, adriamycin-mediated p53 activation in the p53 wild-type osteosarcoma cell lines Kiku and U2OS decreased CRKL protein and mRNA expression levels (Fig.[5a](#fig05){ref-type="fig"},[b](#fig05){ref-type="fig"}), which was associated with an induction of miR-200b/200c/429 levels (Fig.[5c](#fig05){ref-type="fig"}). This effect was abolished when p53-null Saos2 and p53-mutated HOS cells were treated with adriamycin. We then examined CRKL expression levels in human lung cancer cell lines upon adriamycin or Nutlin-3 treatment. Although *CRKL* mRNA was slightly decreased in p53-null H1299 cells after adriamycin treatment, adriamycin or Nutlin-3 treatment resulted in an apparent decrease in CRKL expression in p53-wild type A549 cells ([Fig. S5a](#sd5){ref-type="supplementary-material"},[b](#sd5){ref-type="supplementary-material"}). Therefore, wild type p53 is necessary for the downregulation of CRKL expression after DNA damage.

![Endogenous p53 downregulates CRKL mRNA and protein levels. (a) Cells were treated with adriamycin (ADR, 0.5 μg/mL) for 24 h. CRKL and p53 protein levels were determined by immunoblot analysis. β-actin was included as a loading control. Kiku and U2OS have wild type p53, Saos2 cells are deleted for p53, and HOS cells have mutant p53. (b) *CRKL* mRNA levels were assessed by real-time RT-PCR. (c) The indicated cells were treated with ADR for 16 h. Relative miRNA expression levels were quantified by real-time RT-PCR.](cas0106-1033-f5){#fig05}

CRKL regulates cancer cell growth and invasion
----------------------------------------------

To examine the effects of CRKL on cancer cell growth, we transfected CRKL expression vectors into A549 lung cancer cells that express low levels of endogenous CRKL (Fig.[6a](#fig06){ref-type="fig"}). Using colony formation and MTT assays, we demonstrated that the ectopic expression of CRKL significantly promoted cancer cell growth (Fig.[6b](#fig06){ref-type="fig"},[c](#fig06){ref-type="fig"}). Conversely, we knocked down the *CRKL* gene with siRNA vectors targeting CRKL in H1299, Saos2, U2OS, Kiku and U87MG cells ([Fig. S6a](#sd6){ref-type="supplementary-material"}). CRKL silencing suppressed the proliferation of cancer cells as assessed by MTT assays ([Fig. S6b](#sd6){ref-type="supplementary-material"}).

![CRKL overexpression promotes cancer cell growth. (a) A549 cells were transfected with pF5K-CRKL (CRKL), Halo-tagged CRKL expression vector pFN28K-CRKL (Halo-CRKL) or empty vector (vector). Cell lysates were prepared 24 h post-transfection, and CRKL protein levels were determined by immunoblot analysis. β-actin was included as a loading control. (b) Colony formation assay of A549 cells transfected with CRKL expression vectors. After 14 days of geneticin selection, the cells were fixed and Giemsa-stained. (c) Cells were transfected as described above. After 48 h, the cell survival was subsequently determined by MTT assay. Data are the mean and standard deviation from three independent experiments. \**P *\< 0.05 relative to empty vector (vector).](cas0106-1033-f6){#fig06}

Because ectopic expression of the miR-200 family induced EMT and inhibited invasion of cancer cells,[@b25],[@b26] we addressed whether CRKL can block miR-200c-mediated inhibition of cancer cell invasion. Transfection of miR-200c in H1299 cells resulted in reduction of CRKL and ZEB1 as expected ([Fig. S7a](#sd7){ref-type="supplementary-material"}). Matrigel invasion assay revealed that miR-200c also inhibited cell invasion. This invasion-inhibiting effect of miR-200c was largely abolished by cotransfection with Halo-tagged CRKL transcript lacking its 3′-UTR ([Fig. S7b](#sd7){ref-type="supplementary-material"}). These results suggest that miR-200c regulates cancer cell invasion partially through targeting CRKL.

Association between *CRKL* mRNA levels and *TP53* status in human cancer tissues
--------------------------------------------------------------------------------

Using a collection of human cancer microarray data (Oncomine Database), we determined that *CRKL* is significantly overexpressed in cancer tissues in multiple microarray datasets ([Fig. S8a](#sd8){ref-type="supplementary-material"}). We also examined the relationship between *CRKL* expression and *TP53* mutational status using the Oncomine Database. A large published dataset that includes 251 clinically annotated cases of breast cancer with RNA microarray and *TP53* mutation data was interrogated from the Gene Expression Omnibus (GEO) database (dataset GSE3494). *CRKL* mRNA expression in these breast cancers was significantly correlated with mutant *TP53* status ([Fig. S8b](#sd8){ref-type="supplementary-material"}, *P* = 0.0025). Survivin and hepatoma-derived growth factor (HDGF), known targets that are negatively regulated by p53,[@b31] are also significantly overexpressed in breast cancer tissues with mutant *TP53* compared with wild type p53 breast cancer tissue ([Fig. S8b](#sd8){ref-type="supplementary-material"} and data not shown). Taken together, these data suggest that *CRKL* expression is increased at least partially in a mutant TP53-dependent manner in human cancers. The relationship between the expression of *CRKL* and prognosis in cancer patients was examined using the PrognoScan database, which is a large collection of publicly available cancer microarray datasets with clinical annotation.[@b32] As shown in [Figure S9](#sd9){ref-type="supplementary-material"}, the upregulation of *CRKL* correlated with poor prognosis in certain cancers.

Discussion
==========

In addition to gene transactivation, p53 downregulates multiple genes that are involved in cell cycle progression, cell growth and anti-apoptosis. Several mechanisms can explain p53-mediated gene repression.[@b33] We recently determined that p53 repressed HDGF transcription by altering HDAC-dependent chromatin remodeling.[@b31] In addition, a growing list of p53 target miRNAs and their target mRNAs have been identified as newly downstream players of the p53 pathway. In the current study, we identified p53 response elements located around two miR-200 family clusters, both of which interacted with p53 family proteins ([Fig. S2a](#sd2){ref-type="supplementary-material"},[b](#sd2){ref-type="supplementary-material"}). All five members of the miR-200 family (miR-200a, miR-200b, miR-200c, miR-141 and miR-429) were increased by p53, TAp73 and TAp63 in different cell types, albeit at varying degrees. Therefore, the p53 family might regulate two miR-200 clusters in a cell-specific manner, but our results suggest that the miR-200 family is a common target of p53 family members.

The five miRNAs in the miR-200 family contain very similar seed sequences ([Fig. S1a](#sd1){ref-type="supplementary-material"}). The conservation of their seed sequences suggests that miR-200b/200c/429 share identical mRNA targets, whereas miR-141/200a targets may have slightly different sequences. Several software programs for target prediction indicate that a sequence complementary to the miR-200b/200c/429 seed sequence is present in the 3′-UTR of *CRKL* mRNA. miR-200b/200c/429 expression suppressed CRKL levels in several cancer cells and negatively regulated the *CRKL* 3′-UTR in reporter assays. We also determined that the overexpression of CRKL stimulated cancer cell growth. Conversely, the inactivation of CRKL inhibited cell growth, indicating that CRKL is a novel target for miR-200b/200c/429 regulation. We additionally discovered that CRKL could block miR-200c-mediated inhibition of cancer cell invasion.

To date, several studies have demonstrated that the members of the miR-200 family are important mediators of tumor suppression. They have been implicated in the regulation of various cancer-related processes, such as proliferation, apoptosis, EMT, migration and invasion. miR-200 family members regulate these processes through the downregulation of their multiple targets. In a previous study, we identified the forkhead box transcription factor FOXF1 as a direct p53 target; FOXF1 regulates E-cadherin transcriptional activity by interacting with its consensus binding site located upstream of the *CDH1* gene.[@b34] These data suggest that p53 may contribute to EMT suppression through multiple pathways.

CRKL is a member of the CRK family (CRKI, CRKII, CRKIII and CRKL) of adapter proteins that bind to upstream proteins via their SH2 domain and to downstream proteins via their N-terminal SH3 domain. CRK family proteins thus transmit cellular signals to target subcellular pathways.[@b35],[@b36] CRKL plays a role in several signal transduction pathways in response to growth factors and cytokines and is best known as a substrate of the BCR-ABL kinase in CML.[@b35],[@b37] Recent studies have demonstrated that CRKL plays an important role in cell proliferation and correlates with the invasion and metastasis of a wide variety of solid cancers such as lung, stomach, liver, bladder and breast tumors.[@b16],[@b18]--[@b20],[@b38] Increased CRKL protein levels have been associated with advanced-stage human cancers with high-grade or enhanced proliferation.[@b19],[@b39],[@b40] *CRKL* amplification was previously observed in non-small cell lung and gastric cancers, strongly suggesting that *CRKL* is an oncogene in multiple cancers. Consistent with the data from previous papers that *CRKL* expression correlates with poor prognosis,[@b17],[@b38],[@b41] Prognoscan, a publicly available database, indicates that high expression of *CRKL* may serve as a poor prognostic factor for liposarcoma and lung adenocarcinoma patients ([Fig. S9](#sd9){ref-type="supplementary-material"}). We also analyzed *CRKL* levels in Oncomine and found frequent overexpression in multiple solid tumors ([Fig. S8a](#sd8){ref-type="supplementary-material"}). However, the mechanism that underlies CRKL upregulation in cancer is largely unknown. Our data reveal that the *CRKL* gene is downregulated by p53 through miR-200s. We also determined that breast cancer patients with mutant p53 have significantly higher *CRKL* levels than those with wild type p53 ([Fig. S8b](#sd8){ref-type="supplementary-material"}). This finding supports an inverse correlation between *CRKL* expression and wild type p53. Taken together, these data suggest that the *CRKL* oncogene is a target for downregulation in the p53 pathway.

miR-126 downregulation has been reported in various cancer types, including breast, pancreatic and gastric cancer.[@b42]--[@b45] Wang *et al*.[@b45] also observed that miR-126 inhibits CRKL by targeting the 3′-UTR region of *CRKL* mRNA. Our miRNA microarray analysis indicated that miR-126 was not induced by p53, TAp73β and TAp63γ (data not shown); however, p53 family may downregulate CRKL via transactivation of other unidentified p53-target miRNAs. CRKL has been demonstrated to activate the RAS signaling pathways and its expression is associated with resistance to kinase inhibitors in NSCLC patients.[@b40] We determined genetic alterations in genes involved in the receptor tyrosine kinase (RTK)/RAS-BRAF signal transduction pathway in cell lines used in this study using a next-generation sequencer ([Table S1](#sd11){ref-type="supplementary-material"}). We showed the miR-200s induction and CRKL suppression by p53 in cancer cells independent of the activation of this pathway. We also found that knockdown of CRKL significantly inhibited the growth of cell lines without RAS family mutations. Our study provides evidence that miR-200b/200c/429 are directly involved in the regulation of a key anticancer target CRKL.

A peptide inhibitor that selectively targets the CRKL SH3 domain can block primary CML blast cell proliferation by interacting with a target kinase BCR-ABL.[@b46] Moreover, the dual Src/BCR-ABL inhibitor dasatinib can suppress the viability of gastric cancer cells with the *CRKL* gene amplification by inhibiting CRKL phosphorylation.[@b18] Dasatinib affected the stability of protein interactions downstream of BCR-ABL, including CRKL, suggesting that the treatment of live cells affects both direct target proteins and downstream effectors.[@b47] These studies suggest that CRKL can serve as an "actionable" therapeutic target in p53-mutated cancers. The studies outlined herein clearly identify the *CRKL* oncogene as a key downstream effector of the p53 pathway in cancer ([Fig. S10](#sd10){ref-type="supplementary-material"}).
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